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Abstract: Experimental data that exhibits a continuous-wave, second-harmonic intensity
threshold (15 kW/cm?) that causes two-photon nonlinear absorption which leads to time-
dependent photochromic damage in periodically poled KTiOPO, is presented and verified through
a thermal dephasing model.
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1. Introduction

Periodically poled nonlinear materials have the potential to serve as versatile devices for laser developers because of
their ability to quasi-phase-match (QPM) over long lengths of crystal and allow noncritical phase matching for tight
focusing geometries, thereby enabling efficient frequency conversion of continuous-wave (CW) and low-peak-
power pulsed lasers. A number of crystals have been successfully poled for frequency conversion of which
periodically poled LiNbO; (PPLN) and KTiOPO, (PPKTP) have produced the most success. PPLN has
demonstrated high conversion efficiency (2.7W out of 6.5W) in CW single-pass operation before exhibiting
photorefractive damage [1]. Recently, periodically poled stoichiometric LiTaO; (PPSLT) has successfully
demonstrated 300 minutes of CW single-pass second harmonic generation at 1064 nm (1.6 W out of 18_W) without
observable damage [2]. Unfortunately, there have been no reported CW high-power studies using PPKTP, although
no damage was observed in low power regime (~mW) [3]. In pulsed systems however, PPKTP has been shown to
be capable of generating large amounts of 532_nm light (up to 6_W average power) [4] without observing
degradation.

In bulk KTP crystals, laser intensity induced damage (gray tracking) is well documented [5]. The transmission
degradation of the crystal across the visible wavelengths is generally attributed to the creation of color centers
through two-photon absorption. We describe our assessment of time-dependent conversion efficiency degradation in
PPKTP in a CW, single-pass configuration._This investigation has important consequences for pulsed operation as
well, particularly for longer pulses and for high-average-power systems.

2. Theory_of nonlinear conversion with losses

The exact treatment of second harmonic generation (SHG) consisted of the solving the coupled wave equation of the
pump and the signal fields as it propagates through the crystal [6]. Several works treated reduction of coupled wave
equations to a close-form analytical solution, notably Boyd and Kleinman_(BK) [7].

The solution of SHG in the BK focusing regime (tight focusing) is given as

P, = feLnP,’, (1)

where f'is the focusing factor that accounts for non-ideal focusing, g is the nonlinear conversion coefficient, 7 is the
thermal dephasing factor averaged over the crystal length L, , and P;, and P,,, are the fundamental and the second-
harmonic powers, respectively. The thermal dephasing factor 77is a function of the temperature detuning (A7) and
is directly related to the absorption of the crystal. The total absorption of the crystal is then the sum of the linear
absorption (¢;) due to impurities and the time-dependent nonlinear absorption due to precursor defects, a=a; +a[1-
exp(- 20t)]_where, B is the defect-creation coefficient and ¢, is the saturated nonlinear absorption. Defect
generation is a function of 122@ because the process is a two-photon absorption interaction. A time-dependent,




transcendental equation that takes into account the thermally induced dephasing from the temperature raise due to
nonlinear absorption can be written as
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The first factor accounts for the nonlinear conversion, and the second factor accounts for reduction of second
harmonic light due to dephasing, where 7 is the temperature-dependent phase mismatch, a is the crystal width, wy is
the focused spot size, and K is the thermal conductivity. An alignment factor (67) that accounts for the initial non-
optimal QPM temperature setting is also added. The last factor, the effective crystal length, is adjusted for the loss
of second-harmonic light due to absorption. The heating is actually a function of varying beam waist, which is
treated here as a lumped parameter. This averaged dephasing model is therefore only valid when the dephasing is
small enough throughout the crystal length to create only a perturbative dephasing.

3. Experimental setup and results

The experimental setup for nonlinear conversion testing is shown in Fig. 1. A single transverse mode (M* = 1.1)
with correct polarization at 1064 nm is used as the pump. The Raicol (Israel) flux-grown PPKTP crystal has
dimensions of 1x2x30 mm”® and a period of 9.1 um for a calculated phase-matched temperature of 148°C for SHG.
Different lens systems were used to obtain various peak pump intensities to study the effects of confocal and strong
focusing. The second harmonic power is separated from the residual pump power using two dichroic mirrors
designed to pass the 1064-nm light and reflect the 532-nm light.
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Fig. 1. Experimental setup

SHG power as a function of time for several levels of input power is displayed in Fig. 2. A threshold
intensity of 90 kW/cm® (~5 W) is measured, below which no degradation is observed. The rate of SHG degradation
increases with increased pump power, but the steady-state conversion power remains nearly constant. This indicates
that a maximum precursor site concentration exists. The time characteristics of defect or color-center creation
matches well with gray-tracking of bulk KTP that has undergone damage-protective treatment, as described by
Murk et al. [5] The saturation time is on the order of 2 hours, but unlike the bulk KTP results [5], we were unable to
produce any recovery after 2-3 days even after the crystal has been annealed at T~500K. Furthermore, when the
damage is initiated, at pump intensity below the threshold level, there is no degradation in the conversion efficiency.
In addition, conversion degradation only occurs above threshold intensity, indicating that the degradation is due to
dephasing as opposed to actual physical damage. Theoretical predictions from our model are in good agreement
with experiment data, as evident in Fig. 2. From our calculations, a defect creation rate of #= 3.75x10° um*/(W?s)
is obtained along with a saturated absorption of 14%/cm. The linear absorption coefficient by contrast is only
1%/cm. Furthermore, we were able to independently measure the QPM temperature of the crystal under various
pump intensities and matched it with our model predictions.
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Fig. 2. Experimental (dotted) and theoretical (solid) SHG power vs. time for various input powers

4. Conclusion

We present experimental data on conversion efficiency degradation in a single-pass, CW SHG system using PPKTP.
We also present in detail a successful model based on the spatial-temporal thermally induced dephasing through
local heating. The generation of defect sites leads to nonlinear absorption that is found to be unrecoverable and is
activated by a two-photon absorption of the 532-nm light at a threshold power of 800 mW (15 kW/cm?). Our results
indicate that PPKTP is limited in average power by thermal effects, and in peak intensity by nonlinear absorption.

Independent study of pulsed operation may provide a more accurate estimate of the crystal degradation by
nonlinear absorption. The results of this study affect a number of other devices based on nonlinear frequency
conversion, such as optical parametric amplifiers, optical parametric oscillators, and parametric generators. Future
studies will be focused on peak and average power limitations of novel nonlinear periodically poled materials, such
as PPSLT.

This work was done under the auspices of the U.S. Department of Energy by the University of California Lawrence
Livermore National Laboratory under Contract W-7405-ENG-48 and funded through LLNL office of LDRD (01-
ERD-83 and 03-LW-040) and the NSF Center for Adaptive Optics (CFAO).
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